Background: The deep inspiration breath hold technique (DIBH) is widely used for left-sided breast radiotherapy (RT), in order to reduce the dose to the heart and decrease the risk of cardiotoxicity. The volumetric arc therapy (VMAT) technique increases the dose conformity to the planning target volume (PTV). We hereby describe the advantages and pitfalls of combining VMAT and DIBH without a costly equipment.
Introduction
Adjuvant radiotherapy (RT) possesses a central role in the curative setting of breast cancer (BC) treatment. Indeed, adjuvant RT has permitted breast conservation [1] and consists of an integral part of the standard of care after breast conserving surgery (BCS) because it reduces the local recurrence risk at 5-years from 26% to 7%, and BC mortality at 15-years from 35.9% to 30.5%, with an overall mortality reduction of 5.3% [2] , thus concluding that RT reduces the risk of BC recurrence by about one half and the risk of death by one sixth [3] . Similarly, RT is often considered after mastectomy, especially in node-positive patients because locoregional RT reduces the local recurrence rates at 5-years from 23% to 6%, and BC mortality at 15-years from 60.1% to 54.7%, with an overall mortality reduction of 4.4% [2] , recently confirmed [4] .
Introduction of regional radiotherapy after lumpectomy in patients with 1-3 positive lymph nodes or node negative patients with high risk features was shown to be beneficial in terms of disease-free survival (distant and locoregional) [5] , at the price of increased lymphedema (8.4 vs 4.5%). In the EORTC-internal mammary chain (IMC) study, evaluating locoregional irradiation with the addition of IMC-RT (44% node negative patients with centrally located tumours), a marginal effect on overall survival was noted with more comprehensive RT (HR: 0.87,), with a significant effect on distant disease-free survival (HR:0.86) [6] .
However, these oncological benefits are associated with several long term risks, such as cardiotoxicity, especially when appropriate systemic treatments, frequently also related to cardiotoxicity (trastuzumab, anthracyclines)) [7] , are delivered. It has been recently shown that any radiation dose to the heart is associated with a modest risk of coronary events [8] , and therefore more the benefit of more comprehensive RT should be weighted against the late toxicity. Modern techniques of breath control and intensity modulated planning permitting dose reductions to critical organs, such as the heart and might provide the opportunity to increase the therapeutic ratio by delivering comprehensive RT, still sparing critical normal tissues.
From a technical point of view, 3D conformal radiotherapy (3DCRT) with tangential beams is still regularly used for breast cancer treatment. The development of new technologies, such as Intensity modulated radiotherapy (IMRT) and its extension, Volumetric Arc Therapy (VMAT) or Tomotherapy, allows the delivery of a precise "sculpted" dose to concave planning target volumes (PTV) [9] . VMAT is a suitable technique for breast irradiation permitting optimal dose sparing of surrounding organs at risks (OAR), such as the lung and heart [10] , and becomes competitive with 3DCRT to avoid the contralateral breast [11] . It has also been shown, that the VMAT technique further provides the advantage, as compared to 3DCRT, of a shorter delivery treatment time for locoregional radiotherapy, as well as when the irradiated volumes are larger or dispersed [12] . Positioning remains the bottle neck of IMRT / VMAT treatments. With the development of image guided radiotherapy (IGRT), the accuracy of the positioning has been improved and allows using IMRT and VMAT for breast radiotherapy, which furthermore necessitates motion management [13] .
Inleft-sided treatments of the breast, the dose received to the heart must be kept as low as reasonably achievable. The deep inspiration breath hold (DIBH) technique is well known to reduce doses delivered to the heart, by increasing the distance between the heart and the breast [14] [15] [16] [17] [18] [19] [20] . 3DCRT-DIBH is widely used in many facilities and the association of VMAT with DIBH is increasing, with respiration monitoring devices being commercially available. The main gated respiratory systems (GRS) used for DIBH treatments, are Real time Position Management (RPM) from Varian© and the Active Breathing Coordinator (ABC) from Elekta© [21] [22] [23] , while several other respiratory monitoring systems (commercially available or not) are under development [24] [25] [26] [27] .However, these systems are expensive and not widely available. We hereby describe an easy to implement, low-cost technique of DIBH associated with VMAT, without the use of any special equipment, and report its dosimetric advantages and pitfalls.
Materials / Methods

Patients
The plans of thirty patients receiving adjuvant radiotherapy for non metastatic breast cancer who were selected to be treated with the VMAT-DIBH technique, were retrospectively included in this dosimetric study. This cohort was comprised of 3 groups: -10 patients who received a local (L)-irradiation after BCS, with target volumes consisting of the whole left breast (50Gy; 2Gy/ fraction) with an integrated boost (SIB) on the tumor bed (60Gy; 2.4Gy/fraction): group L-RT -10 received a locoregional (LR)-irradiation after mastectomy, with target volumes consisting of the supraclavicular area (SCLV), the upper axilla (AX), the IMC (50Gy; 2Gy fraction) and the chest-wall (50Gy; 2Gy fraction) : group LR-RT ChestW -10 received a LR-irradiation after BCS, with target volumes consisting of the supraclavicular area (SCLV), the upper axilla (AX), the IMC (50Gy; 2Gy fraction) with a SIB at tumor bed : group LR-RT SIB.
Computed Tomography (CT) simulation
Since we did not use any dedicated equipment for respiration monitoring, the DIBH was monitored by the radiation therapist (RTT) and not the patient. The RTT asks the patient to breath-hold and checks the positioning by looking at the vertical laser which must be on the mark preliminary done within a ± 3mm limit (margins which preserve a good PTV coverage).
Before the CT simulation the RTT checks: -
The ability of the patient to hold one's breath for more than 25s by using a manual timer.
The accuracy and the reproducibility of the DIBH position during the breath hold (marks on the patient).
The ability of the patient the breath hold for at least 3 times.
A first CT scan (Philips Brillance CT 64) is performed in free-breathing to determine the isocenter, which is marked on the patient's skin. Radio-opaque CT markers are then placed on this isocenter. Next, a second scan is performed in breath hold position with CT markers in place to determine the exact position of the isocenter in DIBH for the treatment planning.
Treatment planning
The delineation of the target volumes and organs at risk (OARs) was performed on both scans (FB and DIBH), using the Radiation Therapy Oncology Group (RTOG) and European Society of Therapeutic Radiology (ESTRO) atlases [28, 29] . For breast treatments with VMAT, it is strongly recommended to delineate the contralateral breast and lung, in order to evaluate low doses derived from beam delivery. A virtual bolus is added to the breast for VMAT calculation in the treatment planning system (TPS) to simulate a bigger PTV in case of breast swell, and the breathing movement for FB plans. This technique is known and well described [30] .
Treatment plans, generated with the TPS Pinnacle 14 from Philips, were optimized in DIBH and FB. Arcs' arrangements consist of four 6MV photons partial arcs as follows: first arc: from 135 to 90 ± 5 degrees CCW, second arc: from 90 to 135 ± 5 degrees CW, third arc: from 300 to 350 ± 5 degrees CW and fourth arc: from 350 to 300 ± 5 degrees CCW, in order to optimize the global treatment time of the patient. In case of DIBH plan, a maximum duration of 20s each is introduced in the TPS Pinnacle.
Dosimetric evaluation and Quality Assurance
The dose volume histograms (DVHs) of the DIBH-VMAT plans were analyzed and compared to FB-VMAT plans. The plans were classified within 3 categories, corresponding to the clinical cohorts: L-RT, LR-RT-ChestW, LR-RT-SIB. A different set of normal tissue constraints was used for each context based on review of currently used (Table 1 ).
The quality assurance (QA) of VMAT plans was performed by the Octavius 4D phantom (PTW Freiburg), with an absolute measurement of the dose. The plan acceptance was based on the gamma index pass-fail test, with the following criteria: 95% of the points had to reach the prescribed dose within a tolerance of 3%-3mm. Positioning of the patient was performed in DIBH position. As the gantry moves during the VMAT rotation, it is necessary to use two video cameras with a good focus. The first one, on the left side, was the reference for the treatment position. The second one, placed at the right side, showed if the patient was still on DIBH when the gantry was hiding the laser on the left side.
Structure Constraints
All treatments were performed on Elekta Agility 160. A cone beam CT (CBCT-XVI) in DIBH was performed to verify the positioning of the patient before each treatment session. A fast CBCT protocol has been set, allowing to obtain an image in two acquisitions, which necessitated only two breath holds of maximum 20s. After the registration and corrections applied, the treatment was delivered manually for the 4 arcs. A radiation therapist asked the patient to breath hold and delivered the treatment when the marks on the patients correspond to those set on the laser beams within a threshold of ±3mm (Figure 1) . If during the treatment the patient's position was out of these limits, the RTT immediately switched off the beam. 
Results
The dosimetric evaluation and the dose constraints for the PTV and OARs achieved are summarized in Table 2 .
The PTV coverage is the same for both FB and DIBH techniques and no significant differences have been observed for the maximum dose. Doses received by OARs with FB-VMAT and DIBH-VMAT were compared and are highlighted in the mean DHVs done for the 3 patients groups (Figure 2 ).
An important reduction of the dose received by the heart with the DIBH-VMAT technique was achieved with V20Gy, while no V10Gy was observed. The mean heart dose decreased by a factor of 40% (p<0.005), with a value of 1.8±0.6Gy and 2.2±0.8Gy for L-RT and LR-RT respectively with DIBH-VMAT. The DIBH-VMAT technique reduced also the mean dose of the ipsilateral lung by a factor of 12% (p<0.009) for LR-RT, but remained stable for L-RT with DIBH-VMAT as compared to FB treatment. Contra-lateral OARs (lung and breast) did not show any statistically significant discrepancies in terms of dose (p>0.
2)
The average delivery time given by the TPS was with FB-VMAT : 31±15s/arc, 36±11s/arc and 46±12s/arc for L-RT, LRRTchestW, LR-RT SIB respectively, and was drastically reduced in DIBH to: 16±2s/arc for L-RT, and 18±3s/arc for LR-RT (ChestW or SIB). LR-RT (with or without SIB) consisted of a larger target volume to treat. During the QA, the delivery time of each arc was measured with a manual timer, and no discrepancy with Pinnacle was seen. A latency period of 4.0±0.5s, consisting of the time when the 'Start' button is pressed before the delivery of the beam, has to be taken in account, which increased the total delivery time to 20.0±2s and 22.0±3s for L and LR irradiation, respectively.
All QA measurements passed successfully the gamma index criteria with an average of 97.0±1.3% of points within the tolerance of 3%-3mm.For the 30 patients treated with DIBH-VMAT, the CBCT image registration during treatment revealed an average of 0.28±0.10cm, 0.22±0.10cm, and 0.24±0.10cm, for longitudinal, lateral, and vertical displacements, respectively. No major difficulty for the patients to hold their breath during 25s was observed, and all of the treatments were successfully delivered, with no need to transform a DIBH to a FB one. Discussion DIBH-VMAT is a very efficient technique to spare the heart from radiation doses during left breast radiotherapy. This technique has been already used with gating respiratory systems [31] [32] , and a reduction of heart exposure has been reported. The feasibility of a fast VMAT arc delivery with the TPS Eclipse (Varian) has also been studied [33] . To the best of our knowledge, no studies have been reported to date, studying an association of VMAT and DIBH without the use of a respiratory gating system.
The technique we hereby describe is very simple and no special equipment is required for its implementation. The reproducibility of the breath hold is very high, as pointed out by the minimal displacements during treatment
delivery. An important point for the implementation of this technique is that the patient should receive clear instructions by the treating physician and the RTT during CT simulation. DIBH-VMAT becomes then technically easy to implement and very cost-effective, given that only 2 video cameras are needed as extra equipment.
The heart and ipsilateral lung sparing doses obtained with this technique are comparable to those reported in the literature with GRS systems [22;24;29;31] . However, in our study, the ipsilateral lung dose reduction was only observed for LR-RT.
Using partial arcs is more efficient in avoiding low doses at the contra lateral OARs [34] [35] [36] , which position the VMAT as a very competitive technique compared to 3DCRT. But we observe that in the case of LR-RTChestW, the dose at the contralateral breast slightly increases, although it still remains below the pre-established dose constraints. Chestwall irradiation is always challenging due to the postoperative anatomy,which makes more difficult to avoid the contralateral breast.
Due to the short time needed for the beam dose delivery to provide a comfortable treatment for the patient, the number of possible optimizations with 6MV beams is limited. If extreme optimization isneeded, the delivery time can increase to 30s, which is not acceptable to maintain a reliable breath hold. In this case, the use of 6MV Flattening-Filter-Free beam (if available), which delivers a high dose rate monitor units, and authorises unlimited optimizations, might provide optimization and rapidity and would be the indicated option..
The optimal patient's positioning is the key for DIBH-VMAT delivery without any GRS. Therefore, a daily CBCT positioning imaging is used before each treatment to provide accuracy in irradiation delivery. After the registration and corrections applied, the whole treatment must be delivered within the 3mm tolerance, which implies an active, continuous check of the video camera by the operating RTT, all along the beam delivery. Lasers set on the skin marks are very reliable, but this technique relies also strongly on the radiation therapist who must check the positioning of the DIBH, and be able to switch off the beam if necessary.
A possible drawback of this technique is the fact that no documentation of the delivery of the treatment with DIBH can be provided. A further implementation for this technique would therefore be a real-time imaging with the portal imager during the actual treatment delivery, which could document its proper delivery.
Conclusions
The DIBH-VMAT technique was successfully implemented in clinical practice in our Institution, without the need of any special breath hold equipment. The delivery of the treatment was achieved in a reasonable short time, while preserving a good PTV coverage. The mean heart dose was significantly reduced, without any increase of the ipsilateral lung dose, while appropriately sparing the contralateral OARs. Given the importance at sparing the heart as much as possible to prevent from late radiation-induced cardiotoxicity within a population of patients where issues of toxicities become emerging given their long anticipated survival, we believe that this technique could be of interest to institutions not having a dedicated breath hold equipment readily available.
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